showing the changes that occur in the vanadium ores under weathering conditions. Montroseite, VO(OH), is evidently the primary mineral source of vanadium. Two distinct branches appear in the alteration sequence: one is confined to acid conditions characteristic of zones of primary vanadium oxide concentration in the sandstone in the presence of pyrite; and the other occurs in more basic conditions where calcite is common. The equilibrium diagram is used to draw tentative conclusions regarding the conditions under which the original montroseite was deposited in the sandstones, presumably through the action of mineralizing solutions.
IMEODUCTION
An outstanding feature of the uranium ores in the Colorado Plateau sandstones is their high "vanadium content. Vanadium has a maximum at the eastern bounds of the Plateau and tends to decrease toward the west,
•whereas the uranium content tends to decrease toward the east. Thus, at Rifle, on the flank of the Park Range in Colorado, uranium is virtually absent from the vanadium ore, while in the "White Canyon, Green
River and San Rafael areas of Utah, vanadium is usually absent from the uranium ore. In the intermediate regions of "western Colorado, known appropriately as the Uravan mineral belt (Fischer and Hilpert, 1952) , the ores are mainly vanadium ores with a uranium content corresponding to a TsU ratio ranging from 20 §1 to 4s 1. It is apparent that vanadium is the predominant extrinsic element in most of these ores and that our knowledge of their deposition, transportation, and properties -will depend to a large extent on our understanding of this element. Consequently, in recent years considerable effort has been devoted to the study of the geochemistry of vanadium in sandstones.
Five years ago, the state of knowledge concerning vanadium geochemistry had not materially advanced since a review of the subject was written by F. L. Hess (1955) . At that time, the Plateau ores were generally considered to have been syngenetic with the sandstones of Jurassic age, having been deposited largely in the oxidized state. Hess was one of the first to recognize the possibility that the primary ores may have been deposited in a reduced form. One of the major sources of information for the geochemical studies has been the description and characterization of new mineral species and redefinition of old species. The mineralogy of vanadium is exceedingly complex because of its sensitivity to oxidation potential, its strong amphoteric behavior in the higher valence states, and its sensitivity to degree of acidity in the higher valence states in the formation of complex polyions of high, molecular weight. Mineralogical studies have been further complicated by the fact that most of the secondary minerals involved were formed at low temperatures (probably less than ko° C) and, therefore, since grain growth is slow and effective nucleation more frequent than at higher temperatures, they occur in a finely divided state, and in intimate mixtures. Nevertheless, great progress has been made, particularly as a result of tne work of A* D. Weeks and J. ¥. Gruner 7 and their colleagues (" Weeks and Thompson, 195^; Gruner, Gardiner and Smith, 1955) . The elucidation of the geochemical behavior of vanadium has depended finally on the comprehensive definition and compilation of the mineral species that form in the sandstone horizons.
With the geologic and mineralogie background now fairly "well filled in, it has been found possible to relate the geochemieal properties of vanadium -with those that can be predicted from thermodynamie studies which have appeared intermittently over the years in the chemical literature.
In the study described in this paper, these thermodynamie properties have been used to evolve an equilibrium diagram which shows the stability of the various vanadium compounds and minerals in the presence of water with respect to the prevailing oxidation potential and acidity at 25 C. As a result, the weathering process and alteration sequence of minerals ar® clarified. Further, it is also possible to place severe restrictions on the conditions that obtained during the deposition of the original ores.
The validity of the application of thermodynamie principles in this way to the geochemical environment under consideration depends on the rapidity with which equilibrium conditions are achieved. Pourbaix (19^9) in the field of metal corrosion, and Krumbein and Garrels (1952) in geochemistry. As pointed out by the latter authors, these two variables can be used to characterize almost all geochemical changes in sedimentary environments. A preliminary study of the thermodynamic stability of the vanadium oxides was made by Garrels (1953) > a^d. the results subsequently correlated with the uranium oxide system and the Colorado Plateau ores (Garrels, 1955) .
It is now possible to expand Garrels' preliminary diagram to include nsany more vanadium-bearing species. Figure An independent study of the vanadium-water system has recently been reported by Deltombe, Zoubov, and Pourbaix (1956) . Detailed information is available in their paper on the concentration distribution of individual ions, as well as a variety of diagrams somewhat similar to our figure 1. !Eheir paper lias provided us with valuable checks on our work, even thought we have felt it necessary to place a different interpretation on the chemistry of vanadium in some instances, particularly in the quinquevalent vanadium fields. Latimer (1952) gives for MeQir'3 , AF° = -1132 kcal/M, and for H2V6017-2, APO = -1135 kcal/M; 5HV6017-3 = 3Vlo02s-6 + 3^ + H20, and 5H2V6017-2 = 3H2V10028-4 + 2S*-+ 7/ Calculated from solubility of V20s (fresh) (Ducret, 1951) and dissociation constants of Rossotti and Rossotti (1956) . 8/ Deltombe and others (1956) give for H3V207~, AF° = -^51 kcal/Mj = V1002s'6 + H+ + 7H20.
Quinquevalent vanadium
In -water solutions in equilibrium with air at room temperatures, only solids and dissolved species containing quinquevalent vanadium are quantitatively important. Vanadium forms a pervanadyl cation YOa* only at low pEj the isoelectric point is between pH 1 and 2, above which the vanadium is converted to complex anions. At this point, the solubility of vanadium falls to a minimum, as is evidenced by the stability field of the solid hydrated YgOs. At higher pH values a variety of anions occurs;
in general, they range from deeply colored highly polymerized species at lower pH values to colorless, less condensed ions at high pH values*
The most direct information concerning the fields of stability of vanadates in solutions is provided by the diffusion rate studies of Jandjsr and Jahr (1955) . According to their technique, vanadium in a solution at a specified pH is allowed to diffuse upward into a vanadiumfree solution of equal ionic strength and pH for a period of days, after which time the solution is separated and analyzed by layers. Several sharp breaks were found in their diffusion-rate-pH curve, -which is redrawn from their data in figure 3b. They also attempted to approximate values of the molecular -weights of the diffusing ions by assuming that the molecular weight is proportional to the inverse square of the diffusion rate, but this assumption is subject to gross errors. The most careful titration experiments have been made by Ducret (1951) , and his final titration curve (pH versus added HCIO^.) is shown redrawn in figure   13 It is very similar to a curve determined by Jander and Jahr (1933)» Dueret also attempted to determine the formula of the reacting vanadate ions by careful interpretation of the shapes of the curves.
Such an interpretation is very uncertain, and his conclusion that the largest vanadate ion produced is SsVgOT* (corresponding to the orange polyvanadate) is not supported by any other evidence that has been accumulated for this system.
Crystallographic data on the vanadate system are meager. A series of very soluble crystalline orthovanadates have been described
•which are isomorphous with the corresponding phosphates and arsenates (Baker, 1885) , thus indicating the existence of the V04~3 ion in solution. A series of compounds have been shown by crystallographic study to be salts of the ion VioOas"6 * which corresponds to the orange polyvanadate ion (Evans, Mrose, and Marvin, 1955) > tout its structure is still unknown* Crystal structures of two metavanadates (NEL^VOa, Synecek and Banic, 195^$ KV03 oH20, Christ, Clark, and Evans, 195*0 reveal chain structures, which do not indicate directly the nature of the species in solution.
Ihe "best expression of the condensation reactions involved that can be -written at present is as follows s [V04 -3 3 = tV207-4 3 at pH 12.6 = [V40isf4 3 at pH 9.6
[V4012-4 3 = [Vi0028"6 3 at pH 6.7
H2V10028"4 K = 103 * 6 H2¥10028-4 + te+ ^=^5V205-nH20(s) + (5-n)
[H2¥io02S™4 ] = 0.03M at pH 2.2 V205 *nE20(s) + (5-n)H20 + 2H+ ^=i* 2V02+ + 6H20
[¥02+ ] = O.OM at pH 0.8
The pH data for the condensation and precipitation reactions are taken from Jander and Jahr (1935) . In all of their escperiments , the ionic strength ms held constant, corresponding to 3M KNOs or HaKOs and the concentration of V -was 0*112 mole per liter. The equilibrium constants for the acidification of the -polyvanadate ion are given by Rossotti and Rossotti (1956) . The pH boundaries of VgOs'iiEsO as drawn are based upon "aged" material, rather than upon freshly precipitated oxide. Aged material is more stable than that newly precipitated, as indicated by the difference of 2 kilocalories in the standard free energies of formation (table l) .
Rapid neutralization of an acid solution 0.01M in V02+ , in fact, permits passage from VOa"*" to the orange polyvanadates without precipitation of the hydrated pentoxide, whereas the same titration, if done slowly, results in formation of the yellow-brown oxide. The increase in stability with time may be correlated with a decrease in hydration as well as with a change in crystalline state.
The striking behavior of the vanadates, that of forming higher and higher ssDlecular weight complexes with increasing acidity, strongly suggests that, unlike the phosphates and arsenates, the acidified ions are inherently unstable and immediately split out water through condensation reactions. according to the reaction (Rossotti and Rossotti, 1955) :
Further hydrolysis results in precipitation of the hydroxide:
At a VO(OH)4" content of O.Q1M, the precipitation pH is observed by Ducret to be 4.2. On the other hand, the precipitation pH calculated from the free energy of formation of the anhydrous oxide is 3«5 ( figure 1 ; table l).
Kiis difference in precipitation pH may be ascribed to the Jiydration free energy of ¥2042 V204 (s) + 2H20-^2VO(OH) 2 AF = 4.1 kcal Garrels (1953) estimated that the free energy of hydration would be 2 kilocalories or less; the new data show a greater difference, It is not known whether the rate of conversion of hydroxide to anhydrous oxide is finite; the hydroxide is nlways produced experimentally, and the stable anhydrous oxide has not "been found in nature.
As pH is further increased, the hydroxide dissolves to form an anion, and the solution turns brown-reds figure 2 , and is used in interpreting the mineral system in figure 4, described in later sections "
The hydroxide shows no amphoteric behavior in the pH range up to 1^.
[Erivalent vanadium ions and compounds are notably unstable with respect to the atmosphere; even the natural oxide montroseite alters at an appreciable rate in the laboratory.
Bivalent vanadium
Bivalent vanadium will decompose water at 25° C under all pH conditions|and, therefore, as Garrels (1955) kas pointed out, it is not likely to occur in nature.
Boundaries between species of different valence
The preceding paragraphs have discussed pH boundaries for vanadium within its several valence statesj it remains to be shown how the sloping boundaries between these valence domains are obtained.
Boundaries between ions
In the case where the solubility of the ionic species of vanadium in different valence states exceeds 0.01M, so that only dissolved species are represented, the boundary is calculated from equations exemplified by the Y4"2 -?*3 relation:
where E° is the standard electrode potential, F is the Faraday, and n the number of electrons involved. Thus E° is obtained from AF°, and Eh is obtained from:
The further condition is imposed that (V*"3 ) and (V4"2 ) (activities) are equal. As can be determined from the equation, or from figure 1, the boundary between these two species is simply E°, and extends parallel to the pH axis.
The slope of the V4"3 -VO"1"2 boundary results from the necessity of including water and hydrogen ion in the half -cell reaction: Tbe specific position of the line thus is fixed by knowledge of E°, pH, and the stipulation that [V409~2 3 is 0.01M. Considerable uncertainty attends the boundaries drawn between V204 and the vanadates. As shown on figure 1, mixed oxides containing both quadrivalent and quinquivalent vanadium occur in this position. The possibility presents itself that these mixed oxides may be regarded as "vanadyl vanadates," but the few structures of these compounds that have 21 been published indicate tha~t they have no salt like character (for example, NaVeOxs, Wadsley, 1955 ) • Ho thermodynamic data are available for them, but there is no evidence to indicate that their appearance -will appreciably shift the precipitation boundary as it is shown.
Effect of temperature
The effect of temperature on the field boundaries shown in figure 1 cannot be calculated with assurance in the absence of data on heat capacities of the species involved. However, the temperature coefficient at 25° C can be found and used to determine the trend and probable change of boundaries over a limited temperature change. Changes in boundaries can 
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Montroseite, V203 »H20 or VO(OE)', (Weeks, Cisney, and Sherwood, 1953) .
As shorn in figure 2 , there is an extended portion of the hydrated V^a stability field above the water decomposition boundary between pH ^ and pH 10* As has been noted earlier, this region probably expands slightly upward and to the left at higher temperatures* Montroseite is formed in this region* Paramontroseite, V2(>4 - Simplotite, CaO«2^204 ^EgO, (Thompson, Roach, and Meyrowitz, 195& )-Though its formula may be written GaV409»5H20, simplotite is green in color and does not represent fixation of the soluble brown-red vanadite ion.
2k
Its structure appears to be a complex Bheet related to that of autunite,
and as yet has no synthetic analog. It is commonly associated with duttonite "but appears to indicate a relatively alkaline environment.
Gorvusiteg CaO-xYaQ^yVaOs-nHaO. IMs mineral has distinct physical properties but has not been defined chemically within the above general formula. Ehe valence apparently can vary without appreciable alteration of the structure so that it may be either inherently nonstoichiometric or an intimate mixture of two or more closely related phases. Hie ratio xsy is usually about Is5 or 1;6. It is associated with acid environments and evidently hovers near the top of the ¥204 field.
Melanovanadite, 2CaO»2V204.3¥205 .nE20. Although this species also has not been clearly defined chemically, it is entirely distinct from corvusite. It is found in alkaline environments and appears to be associated with the metavanadate field, while corvusite is associated with the polyvanadate field.
Kavajoite, YgOsOHsO, (Weeks, Thompson, and Sherwood, 1955 ). Havajoite has not been synthesized, but it apparently corresponds to the hydrated VgOs field. It has a crystal structure closely related to that of corvusite and hewettite.
Hewettite, GaO-3V205»9H20. Hewettite is an insoluble product of the more acid side of the polyvanadate field, forming below pH 5.5. I"ks structure consists of a sheet arrangement closely similar to that of navajoite and corvusite.
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Pascoitey 3CaQ»5V2Q5«l6K20. This mineral has formerly been incorrectly described as 2CaO-3V2Q5-llH20, (Palache, Berman, and Frondel, 1951, p. 1055) but aetnially is a soluble salt of the orange polyvanadate complex, CasTioOas'l^HaO, (Evans, Mrose, and Marvin, 1955) .
Hummerite, KsMggVioOgs'l^HsO, (Weeks, Cisney, and Sherwood, 1953) , also is a soluble polyvanadate.
Rossite, Ca (¥03)2*^20. Rossite is a metavanadate, and is easily synthesized from neutral solutions.
Me tea-OS site, Ca(V03)2'2E20, is the dehydration product of rossite.
Garnotite, K^UC^^VsOs'BHsO. The least soluble vanadium complex (except possibly montroseite and the silicates) is carnotite and its analogs.
It decomposes below pH 2.2 but is stable at the expense of all other quinquevalent vanadium minerals at higher pH values. The crystal structure does not contain orthovanadate groups as proposed by > but has been found by recent work (Barton and Appleman, 195?5 Appleman and Evans, 1958) to have structural and chemical properties of a njetavanadate. The structure contains V^a"6 groups with vanadium in 5-fold coordination (as in KV03«H20).
Tyuyamunite, Ca(U02 )2V20s'nH20, is the calcium chemical analog of carnotite.
Rauvite, xUOs-yV^Qs'ZlkO. In acid solutions deficient in metal cations, rauvite is formed as an insoluble colloidal product of variable composition with y usually somewhat greater than x. It is believed to have a structural relationship to the sheet structure complex of carnotite, and may be a precursor to the formation of carnotite in very acid environments. (Stern, Stieff, Evans, and Sherwood, 1957) .
Duttonite forms as drusy crystals in fissures in the sandstone and, therefore, apparently represents quadrivalent vanadium transported a short distance at least from the site of the paramontroseite source.
Duttonite and paramontroseite are the starting points of two branches in the vanadium oxidation sequence, one acid and the other alkaline.
The sequence of vanadium minerals is easily followed in the acid suite. Adjacent to the doloresite-paramontroseite crystalline aggregates are usually found fibrous brown or bluish-black seams of corvusite.
Commonly, the intermediate quadrivalent-quinquevalent vanadium oxides form earthy bluish or greenish masses of indeterminate constitution ("blue-black ore"). These oxides are dissolved through leaching of the concentrated ores by acid waters, and the vanadium is washed into the adjacent sandstone. The oxide "eyes" are thus often coated with bright orange crusts of pascoite. Occasionally, dark green "pascoite" is found, isostructural with the ordinary orange variety, indicating that the polyvanadate complexes may form with quadrivalent vanadium at least partly replacing quinquevalent vanadium. The leaching solutions are evidently sufficiently acid to carry appreciable amounts of vanadyl ion 29 (VQ*2), but this ion is quickly oxidized by air if the pH is raised, as -when it passes into the surrounding rock and reacts with calcite.
Pascoite is metastable with respect to hewettite below about pH 5.5
probably has only a transitory existence.
In the alkaline environment typified by the Peanut mine, duttonite and simplotite are found. Since duttonite has been found abundantly only at the Peanut mine where the ores are largely submerged below the water table, it is likely that it will form only when the quadrivalent vanadium is protected from active oxidation by the atmosphere» When further oxidation does occur, melanovanadite is likely to result. In the presence of high calcium concentrations, simplotite is formed, and at the end of the oxidation sequence, rossite.
The two branches in the oxidation sequence, acid and alkaline, may be evident in fairly close proximity, especially in the vicinity of sulfidebearing oxide ore pods. As soon as the original montroseite is oxidized to paramontroseite, the resulting quadrivalent vanadium becomes appreciably soluble. At the original site, the oxidized minerals follow the pattern of the acid branch described above, but at the same time much of the vanadium will be transported into the surrounding sandstone where neutral or slightly alkaline conditions prevail as a result of the calcite cement.
In these adjacent regions, therefore, melanovanadite, simplotite, and in the fuHy oxidized state, rossite, all characteristic of the alkaline branch, are frequently found. In the quinquevalent state vanadium does not form silicates,and, .being soluble, is wasljed away rapidly, except in the presence of uranium.
As Garrels (1955) has shown, by the time the oxidation of quadrivalent vanadium begins, the uranium, -which was originally present as uraninite and coffinite (Stieff, Stern, and Sherwood, 1956) figure 4 , and all other vanadium minerals in this range become metastable with respect to the uranium complex. The ready formation of carnotite from acid solutions has been a puzzle in view of the crystal structure determination of Sundberg and Sillen (19^9) , which indicated that the vanadium is bound in it as orthovanadate groups (V04~3 ), because in such solutions the orthovanadate concentration is exceedingly small (less than ICT*2 moles per liter at pH 6). Hew studies (Appleman and Evans, 1958) have shown that the proposed structure is incorrect, and that vanadium is in fivefold coordination in the carnotite structure in VsOs"6 groups. Also, it is found (Barton and Appleman, 1957) While the paragenesis of the vanadium and uranium minerals under weathering conditions on the Colorado Plateau now seems fairly well defined, the manner of deposition of the primary montroseite-uraninitecoffinite ore is still an unsolved problem* Accepting the current hypothesis that the ores were brought in by mineralizing solutions at 55° "t© 110° C, (Coleman, 1957) , it appears probable from the thermodynamic considerations that they could not have been carried in solution in the reduced state in which they were deposited. Erivalent vanadium is too insoluble for transport except at pH values considerably below those 32 expected for such solutions; a similar situation holds for quadrivalent uranium. Consequently, the vanadium and uranium must have been carried in more oxidized state, and deposited under the action of reducing agents, such as divalent sulfur or the wood debris commonly enclosed in the sandstone. On the other hand, the Eh could not have been sufficiently high to permit all vanadium to be in the quinquevalent state, as the small solubility of carnotite would prevent transport. Therefore, the best estimate is that vanadium was carried as the quadrivalent V^s"2^ which, so far as is known, does not interact with sexivalent uranium.
These considarartions suggest, referring to figure 2, that the mineralizing solutions had a pH of about 9 and an oxidation potential of about -0.1 volt.
Even if the transport and deposit of vanadium and uranium can be accounted for under these conditions, the presence of pyrite or marcasite, which petrologically appears to be contemporary with montroseite, poses a problem because of the presumably low solubility of iron in this thermodytiamic range.
The only certain conclusion that can be made now is that the problem of ore deposition on the Colorado Plateau will be solved at least partly through the further study and refinement of the thermodynamic equilibrium properties, especially in the region suggested above. . The weathering process has been shown to follow two sequences, an acid branch and an alkaline branch. The acid branch occurs in primary oxide concentrations where pyrite is present and follows the sequenee*-montroseite, paramontroseite, doloresite, corvusite, pascoite, hewettite, and carnotite. The alkaline branch obtains in regions where pyrite is absent and follows the sequence-montroseite, paramontroseite, cluttonite, simplotite, melanovanadite, rossite, and carnotite.
5. The hydrothermal deposition of tne primary montroseite-coffiniteuraninite ore has been considered briefly in the light of the equilibrium diagram.
